Abstract Cognitive efficiency decreases with age, and advancing age is the leading risk factor for most neurodegenerative disorders that result in dementia. In HIV infection, risk for cognitive impairment is consistently linked to advancing chronological age. As the HIV epidemic enters its fourth decade in the USA, extended life expectancy will likely result in an increased prevalence of cognitive disorders by virtue of these factors. However, it is less clear if HIV potentiates or accelerates the risk for cognitive impairment given that most reports are mixed or demonstrate only a small interaction effect. More critically, it is unclear if HIV will modulate the neuropathology associated with non-HIV cognitive disorders in a manner that will increase risk for diseases such as cerebrovascular and Alzheimer's disease. In the coming years, with increasing numbers of HIV+ patients entering their 60s and 70s, background risk for neurodegenerative disorders will be sufficiently high as to inform this issue on clinical grounds. This review summarizes knowledge of cognition in HIV as it relates to age and presents some emerging controversies.
Introduction
In the last 30 years, the human immunodeficiency virus-1 (HIV) has evolved from a subacute and ultimately terminal disease to one characterized by long-term chronic illness. Important changes are occurring in the frequency of HIV in older adults, driven in large part by extended survival due to effective combination antiretroviral therapies (cART) (Manfredi 2004; Palella et al. 1998 ). In the years since the advent of cART, the population has shifted from a predominantly young demographic (91 % below age 45 years in 1996) to an older, aging population, with approximately one half of HIV+ individuals currently over 45 years of age. It is estimated that by 2015, half of all people living with HIV/AIDS will be over 50 years of age (Stoff et al. 2004 ). Critical to the issue of neurodegeneration, the CDC estimated that over 50,000 of 663,084 HIV+ adults in the USA were over age 60 in 2008 60 in (CDC 2009 . Most older HIV patients acquired infection as young adults and aged with HIV; however, the frequency of becoming infected in older age may also be rising (Zablotsky and Kennedy 2003) . Epidemiological trends indicate greater risk behaviors in the contemporary population over 50 with insufficient public health emphasis on safe sexual practices (Zablotsky and Kennedy 2003) .
Despite advancements in HIV treatments, a sizable proportion of the HIV+ population continues to suffer from HIV-associated neurocognitive disorders (HAND). Patients with HAND may report that they have trouble completing tasks that involve a series of steps, or they may be more easily distracted. They may also report problems with balance and motor coordination, and often evidence difficulty with learning, such as memorizing lists of words (Ances and Ellis 2007) . Early signs of CNS involvement often include mental slowing with impaired retrieval of information, gait disturbances with reports of falling or tripping, decreased manual dexterity, and general signs of apathy or depression (McArthur et al. 2003 ). On cognitive tests, HAND generally manifests as psychomotor slowing, problems with attention and concentration, executive dysfunction, and impairment of learning and recall, with sparing of semantic and visuospatial abilities (Ances and Ellis 2007; Heaton et al. 2011; McArthur et al. 2003) . While this review focuses on the neuropsychological aspects of HIV, it is well recognized that the clinical manifestations of HIV CNS disease involve a triad of cognitive, behavioral, and motor findings.
In the USA, the current trend toward growing numbers of aged HIV+ patients has led to concern for increased risk for age-related neurodegenerative diseases, principally Alzheimer's disease (AD) and Parkinson's disease (PD), as well as concern for the effects of other comorbidities, such as cerebrovascular disease. Should overlap exist, greater heterogeneity in presenting symptoms would be expected and may confuse presenting neuropsychological testing deficits due to a mixture of mechanisms. These considerations will impact diagnosis, screening approaches, and treatment options.
Clinical and potentially confounding factors associated with aging of HIV+ individuals
The clinical features of older HIV+ individuals differ from those of younger populations in a manner that could be expected to impact vulnerability to cognitive impairment (Fig. 1) . Older adults tend to have longer overall duration of infection and possibly a longer duration of exposure to antiretroviral medications (Cherner et al. 2004; Valcour et al. 2004a ). These factors may contribute to unique cohort phenomena such as longer duration of viremia or exposure to treatments and dosing that are no longer common. Many older individuals survived a period of time when cART was not yet conceived. Thus, survivorship tendencies may exist, whereby unrecognized host or viral factors associated with long-term survival in the absence of effective treatment may also modulate risk for cognitive problems. Older patients are more likely to have been exposed to more toxic antiretroviral medications, such as dideoxynucleoside reverse transcriptase inhibitors, which are now less commonly used. Limited data from a magnetic resonance spectroscopy study suggest that such treatment could impact brain health (Schweinsburg et al. 2005) . In this work, authors compared individuals taking stavudine or didanosine, two medications known to be linked to mitochondrial toxicity, with those taking medications less toxic to mitochondria (zidovudine or lamivudine) and identified a dose-dependent decreased concentration of brain n-acetyl aspartate in frontal white matter, suggesting decreased mitochondrial integrity. Prior to availability of cART, many individuals were treated with mono or dual therapy, increasing the likelihood of periods of incomplete viral suppression and viral resistance. By virtue of age, older subjects are more likely to have experienced this treatment era. While speculative, these factors should be considered when investigating potential contributions to cognitive impairment in the oldest demographic.
Individuals who become infected at older ages may have unique cognitive risk factors in part due to delayed diagnosis, which is more frequent in older adults (Castilla et al. 2002; Ferro and Salit 1992; Mugavero et al. 2007; Nogueras et al. 2006) . Delayed diagnosis translates to longer periods of time with HIV viremia and immunosuppression contributing to risk for HIV-associated dementia (HAD) (Heaton et al. 2010; McArthur et al. 1993) . A diagnosis of dementia concurrent with first identification of HIV infection was noted to occur more frequently with advanced age during the pre-cART era (Janssen et al. 1992 ).
Higher frequency of HIV cognitive disorders with aging
Research-based HAND diagnoses were redefined in 2007 and range in increasing severity from asymptomatic neurocognitive impairment (ANI) and mild neurocognitive disorder (MND) to HAD (Table 1) (Antinori et al. 2007 ). Although there is a stepwise increase in severity from ANI or MND to HAD, there are insufficient data to conclude that HAD is the final outcome, with significant bidirectional changes in cognition noted in several cohorts (Antinori et al. 2007; McArthur et al. 2003 MND and HAD is based on patient report of symptoms or poor performance on objective measures of everyday functioning, whereas among patients diagnosed as ANI, the severity of neuropsychological testing abnormalities can vary greatly. Our experience and that from others suggest that ANI may represent our inability to identify functional deficits due to reliance on patient or proxy reporting with little differences in objective measures of functional compromise when comparing ANI to MND (Gandhi et al. 2011; Valcour et al. 2012) . Moreover, past work demonstrates functional consequences associated with neuropsychological deficits among individuals not stratified by reports of functional limitations Thames et al. 2011 ). Social isolation is frequent in aging HIV patients (Grov et al. 2010; Vance et al. 2009 ), and information obtained from proxies who are acquaintances rather than family members could hinder the identification of functional symptoms. The variability of cognitive impairment within ANI and the questionable reliability of self-report have proved problematic in the clinical setting, which highlights the need to consider objective measures to assess everyday function (Blackstone et al. 2012; Thames et al. 2011) . Since the introduction of cART, several groups have reported a reduction in the overall incidence of the most severe forms of cognitive impairment. Duration of HIV has not emerged as a risk factor; however, low CD4 nadir is consistently identified as a risk factor (Heaton et al. 2010 ). In the Multicenter AIDS Cohort Study, researchers observed a 50 % reduction in HAD incidence between 1990 and 1998, from 21.1 % in 1990 to 10.5 % in 1998 (Sacktor et al. 2001 ). In the cART-era CHARTER study, researchers reported HAD in only 2 % of their cohort, but 44 % demonstrated milder forms of cognitive impairment, over two thirds of which was ANI (Heaton et al. 2010) . Data from 15,380 HIV+ patients followed through the Concerted Action on Seroconversion to AIDS and Death in Europe project showed a decrease in incidence of HAD with the introduction of cART, down from 6.49 per 1,000 persons prior to 1997 to 0.66 between 2003 and 2006, with older age at infection increasing risk of cognitive impairment (Bhaskaran et al. 2008) . Researchers estimate the cARTera prevalence of all forms of HAND at 50 % (Heaton et al. 2010; Woods et al. 2009 ).
During the pre-cART era, and prior to the introduction of current diagnostic criteria, several epidemiological studies identified age as a robust risk factor for HIV-associated cognitive disorders (Chiesi et al. 1996; Janssen et al. 1992) . In studies with HIV+ cohorts over 50 years of age, researchers have found both age and HIV effects (Becker et al. 2004; Cherner et al. 2004 ). In the Hawaii Aging with HIV cohort, increasing age was shown to be a robust risk factor for cognitive impairment (Valcour et al. 2004a) . Comorbid illnesses such as cardiovascular disease, cerebrovascular disease, and metabolic dysfunction (i.e., high cholesterol and diabetes) may also affect cognitive functioning, and are more likely to be present in older individuals (Becker et al. 2009; Valcour et al. 2005 ).
Neuropsychological testing performance associated with HIV and aging
The literature offers a broad consensus that older HIV+ patients are at greater risk to meet research criteria for HIV-related cognitive disorders when cognitive test scores are corrected for normal aging and/or when age-matched, uninfected controls are included in the study. The relationship between HIV and aging on neuropsychological testing performance, however, is less clear. Some authors describe domain-specific overlap of performance deficits with both age and HIV preferentially affecting psychomotor speed and cognitive flexibility (Hardy et al. 1999; Wilkie et al. 2003) . However, conflicting findings are noted in other studies and, if evidence for deficits is present, the age at which these findings would translate into clinically relevant outcomes remains to be defined. Becker et al. reported higher rates of neuropsychological testing abnormalities among older compared to younger individuals in the Allegheny County Neuropsychological Survey (Becker et al. 2004 ). This study included 290 HIV+ and 114 HIV-negative individuals. They identified 37 % of older (n022, age >50 years) compared to 31 % of younger individuals (age <50 years) testing in an impaired range, with most of the older patients having greater degrees of impairment (23 % defined as "dementia" compared to 9 % in the younger group). In this work, the investigators defined dementia based on neuropsychological performance alone rather than clinical diagnostic characterization and, notably, 40 % of impaired subjects were clinically asymptomatic. Other methodological limitations were apparent, including a control group that was statistically younger than the HIV+ group and methodology that allowed designation of impairment with only minimal standard deviation abnormality on individual tests. Severe impairment in at least two domains by NP testing (at least 2 SD); marked impact on daily functioning
The HIV Neurobehavioral Research Program Group recently reported an effect of age and serostatus on individual variability in performance (i.e., dispersion) across multiple domains on neuropsychological testing, such that HIV+ individuals over the age of 50 years demonstrated greater dispersion than younger (<40 years) HIV+ subjects and older (>50 years) HIV-negative controls, which may indicate enhanced compromise of cognitive integrity (Morgan et al. 2011 ). Hardy et al. identified differences by age in performance among HIV+ patients; however, they were unable to evaluate HIV-age interaction as they did not have a comparative HIV-negative group (Hardy et al. 1999 ). This study identified age effects on most neuropsychological tests. Kessel et al. compared performance among 25 individuals over 45 years of age to 155 HIV+ individuals who were less than 35 years of age. They identified HIV effects and age effects but failed to identify age-HIV interaction effects (Kissel et al. 2005) . Their sample included only six HIVnegative individuals over age 45 years. Goodkin et al. identified higher rates of Minor Cognitive Motor Disorder symptom reporting among older patients (Goodkin et al. 2001) . Since the reporting of symptoms is central to the diagnosis of MND or HAD, this finding would support a higher ratio of symptomatic to asymptomatic impairment in older subjects; but this finding in relation to neuropsychological testing abnormalities should be interpreted with caution given that symptom reporting is often more reflective of affective state rather than objective cognitive functioning, even though the authors carefully adjusted for such factors in their analyses (van Gorp et al. 1994 (van Gorp et al. , 1991 Wilkins et al. 1991) .
The Hawaii Aging with HIV Cohort was designed to address the issue of interaction effects between HIV and aging on cognition. Here, investigators carefully enrolled HIV-negative groups from similar social venues, often enrolling partners and friends of HIV+ subjects. Compared to published normative data, researchers found that HIV+ status negatively affected neuropsychological performance in both younger (<40 years) and older (>50 years) patients. However, within the cohort, when using co-enrolled matched HIV-negative control cases rather than published normative data, they failed to identify clinically important interaction effect between age and HIV status (Valcour et al. 2011) . Marginal and isolated effects were identified in three tests associated with visual memory, attention, and motor speed, but the actual differences were small and were not reflected in other tests within the battery that were also referable to these cognitive domains. In a separate evaluation, older subjects in this cohort appeared to have heightened impairment in tests of executive functioning when employing published normative data ). Older patients in this cohort were also noted to have more motor findings on neurological examination using the United Parkinson's Disease Rating Scale, with even higher rates noted among those with cognitive impairment, highlighting the critical need to include neurological exam findings when clinically evaluating central nervous system disorders in HIV (Valcour et al. 2008) . A pre-cART analysis within the Multicenter AIDS Cohort Study suggested an impact of age on tests of manual dexterity, adding the possibility that including more subjects with advanced disease may augment the interactions on neuropsychological testing performance, and a cART era study within this cohort investigating longitudinal performance on tests of psychomotor speed reported an interaction effect of age and serostatus on a single test: Trail Making Test Part B (Sacktor et al. 2010; van Gorp et al. 1994) . Table 2 summarizes available articles addressing this issue.
There are numerous methodological issues noted in these heterogeneous papers. The age at which individuals are considered "old" varies in these studies and appears to be related to availability of cohorts rather than physiological criteria. Previously, it was suggested that 50 years of age was appropriate. This age represented an approximately two standard deviation cut point from the mean for age of HIV+ patients in the mid-1990s (Linsk 2000) . However, this distinction has very little pathological or physiological significance and has likely been altered with the changing demographics. Early epidemiological data hinted at an age threshold effect, whereby risk increased to a greater degree above age 65 years (Janssen et al. 1992; van Gorp et al. 1994 ). This cut point needs to be considered cautiously as this study relied on physician reporting of diagnoses, a factor that may be influenced by the patient's age. To date, all studies lack appreciable numbers of individuals over age 60. An alternative approach is to consider age as a continuous variable in regression analyses, but this strategy risks obscuring thresholds where brain vulnerability may sharply increase. Dynamic methodologies designed to consider nonlinear associations may be useful. One study employed these approaches among 116 HIV+ subjects and 30 controls and similarly failed to identify clinically important interaction effects (Cysique et al. 2011) .
Clinical factors impacting cognition in HIV and aging
Studies suggest various factors which might contribute to enhanced cognitive vulnerability in the older HIV+ population. For example, researchers at the HIV Neurobehavioral Research Center reported an interaction between age and CSF HIV levels, where older individuals with detectable CSF HIV RNA had twice the rate of impairment than did their older counterparts with undetectable CSF HIV RNA, while this relationship was absent in the younger cohort (Cherner et al. 2004 ). In addition, they found that 76 % of older patients not receiving cART compared to 57 % of older patients on cART met impairment criteria, while the rates in younger patients were unaffected by cART status (54 vs. 52 %). Furthermore, in the Hawaii Aging with HIV cohort, cognitive vulnerability associated with having at least one apolipoprotein epsilon 4 allele was identified in older, but not younger, adults (Valcour et al. 2004b ).
There is significant concern that, even in the absence of HAND, the inflammatory processes implicated in HIV CNS pathology might lead to increased vulnerability to other agerelated dementias such as AD and PD (Alisky 2007; Anthony et al. 2006) . Researchers have pointed to reports of increased amyloid precursor protein expression in HIV brains as evidence for a potential interaction with AD pathology (Alisky 2007; Green et al. 2005) , and more importantly, as a possible indication of increased susceptibility to early-onset AD. Anthony et al. presented evidence for increased tau deposition in cART-treated HIV+ patients relative to age-matched controls, although they reported no correlation between tau levels and cognitive status (Anthony et al. 2006 ). This group also demonstrated monocyte-based brain parenchymal immune activation in these individuals, further worrisome for continued inflammatory mediators despite suppressed plasma virus.
As yet, there is no direct evidence for a neuropathological link between HIV and AD, and no evidence of higher rates of early-onset AD in the HIV+ population. It is likely that current published reports contain too few sufficiently old HIV+ patients in the range where AD would be common enough to detect increased rates. Currently, this issue may be better informed by neuropathological findings and imaging as clinical parameters may be insufficient. Even in the absence of a direct link to neurodegenerative disorders among older patients with HIV infection, we must consider the possibility of concurrent neuropathology related to other age-associated processes including cerebrovascular disease. It is possible that complicated interaction effects exist among comorbid illness, chronic antiretroviral treatment, and age-related brain changes related to cerebrovascular disease (Valcour et al. 2004c) . Cerebrovascular disease either alone or in combination with other neurodegenerative disorders is a common cause of cognitive impairment in the general population (McMurtray et al. 2006) . In HIV, cerebrovascular disease can be caused by both HIV and non-HIV-related factors (reviewed in Valcour et al. 2004c) . Risk factors for cerebrovascular disease that are not directly related to HIV infection will likely play an increasing role in HIV+ patients as they age since many of the risks increase with age. Such factors include hypertension, diabetes mellitus, cardiac disease, and dyslipidemia. Smoking may be of particular interest for older HIV+ patients where this behavior is more frequent, reported to be as high as 54 % among individuals living with HIV in San Francisco, and 55 % among 881 HIV+ Veterans in the Veterans Aging Cohort Three-Site Study (Mamary et al. 2002; Smola et al. 2001 ).
Summary
Optimal care of an aging HIV+ population has emerged as an important issue in the past 10 years. It is postulated that individuals infected with HIV now will have a life expectancy that approaches the eighth decade of life (The Antiretroviral Therapy Cohort Collaboration 2008). Cognitive health is a pivotal quality of life and mortality predictor associated with aging and, separately, HIV; however, the degree to which these two factors interact to accelerate cognitive deterioration is incompletely understood. Among HIV+ individuals under age 60 years, interaction effects are not likely to be clinically important. Among individuals over the age of 60, there is insufficient data to accurately inform definitive conclusions.
Large challenges will emerge related to diagnostic certainty of cognitive impairment among the oldest old. HIV providers have previously been spared this difficulty given that old age and HIV infection were largely mutually exclusive. These changes raise important areas of research exploration with the continued overarching goal of optimizing cognitive health and with it overall quality of life in this emerging aged HIV+ population.
